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IRON-BASED PEROVSKITE CATHODES 
FOR SOLID OXIDE FUEL CELLS 

CONTRACTUAL ORIGIN OF THE INVENTION 

The United States Government has rights in this invention pursuant to Contract 
No. W-31-109-ENG-38 between the U.S. Department of Energy (DOE) and The 
University of Chicago representing Argonne National Laboratory. 

BACKGROUND OF THE INVENTION 

This invention relates to a new ceramic particularly, but not exclusively, useful as 
a cathode in a solid oxide fuel cell (SOFC). A fuel cell is an energy conversion device 
that generates electricity and heat by electrochemically combining a gaseous fuel and 
an oxidizing gas via an ion conducting electrolyte. The chief characteristic of a fuel cell 
is its ability to convert chemical energy directly into electrical energy without the need 
for combustion, giving much higher conversion efficiencies than conventional thermo- 
mechanical methods (e.g. steam turbines). Consequently fuel cells have much lower 
carbon dioxide emissions than fossil fuel-based technologies for the same power 
output. They also produce negligible amounts of SO x and NO x , the main constituents of 
acid rain and photochemical smog. 

(SOFCs) are constructed entirely from solid-state materials; they utilize a fast 
oxygen ion conducting ceramic as the electrolyte, and operate in the temperature range 
900-1 000°C. SOFCs provide the following advantages compared with other fuel cell 
types: 
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few problems with electrolyte management (cf liquid electrolytes, which 
are typically corrosive and difficult to handle); 
highest efficiencies of all fuel cells (50-60%); 

high-grade waste heat is produced, for combined heat and power (CHP) 
applications; 

internal reforming of hydrocarbon fuels (to produce hydrogen and 
methane) is possible. 

A single SOFC unit consists of two electrodes (an anode and cathode) 
separated by the electrolyte, see Figure 1 . Fuel (usually hydrogen, H 2 , or methane, 
CH 4 ) arrives at the anode, where it reacts with oxygen ions from the electrolyte, thereby 
releasing electrons (e~) to the external circuit. On the other side of the fuel cell, oxidant 
(e.g. 0 2 or air) is fed to the cathode, where it supplies the oxygen ions (O 2 ) for the 
electrolyte by accepting electrons from the external circuit. The electrolyte conducts 
these ions between the electrodes, maintaining overall electrical charge balance. The 
flow of electrons in the external circuit provides useful power. 

Today's technology employs several ceramic materials as the active SOFC 
components. The anode is typically formed from an electronically conducting 
nickel/yttria-stabilized zirconia (Ni/YSZ) cermet (i.e. a ceramic/metal composite). The 
cathode is based on a mixed conducting perovskite, lanthanum manganate (LaMn0 3 ) 
being the preferred prior art material. Yttria-stabilized zirconia (YSZ) is preferably used 
for the oxygen ion conducting electrolyte. To generate a reasonable voltage, fuel cells 
are not operated as single units but as an array of units or "stack", with a doped 
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lanthanum chromite (e.g. La 0 .8Cao.'2Cr0 3 ) interconnect joining the anodes and cathodes 
of adjacent units. The most common configuration is the planar (or "flat-plate") SOFC 
illustrated in Figure 1 . 

Efforts to lower the cost of the solid oxide fuel cell (SOFC) have driven the 
operating temperature of the conventional SOFCs down from 1000°C to 800°C and 
lower, where less expensive and more practical metal components can be used, such 
as in the bipolar plate and gas manifolding. However, the lower operating temperature 
increases the ohmic and polarization resistances within the cell resulting in 
unacceptable performance losses for presently used materials. The polarization losses 
arise from reactions at both the anode and cathode, of which the cathode contribution is 
the more significant one. The conventional cathode material is strontium-doped 
lanthanum manganite (LSM), which is predominantly an electronic conductor with 
negligible oxygen ion conductivity. LSM is thermally and chemically compatible with the 
YSZ electrolyte and has adequate electrochemical performance at 1000°C. However, 
below 900°C, the polarization loss in LSM becomes too large for effective operation. It 
is thought that the lack of oxygen ion conductivity severely limits the performance of 
LSM at lower temperatures. Many studies have focused on alternative cathode 
materials, the most promising of which have been found in the perovskite (AB0 3 ) family. 
Most of the better performing cathodes contain lanthanum and strontium on the A-site, 
with mixtures of Co, Fe, Ni, Cu, Cr, and Mn on the B-site, for instance, see the 
Christensen et al. U.S. Patent No. 6,1 50,290. With the exception of Cr, reaction 
products between the cathode and electrolyte have been observed for the remaining B- 
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site constituents, when in contact with YSZ at temperatures of 1000°C and above. At 
800°C, Mn and Fe also show no reaction products. 

Iron and cobalt-based perovskite cathodes have oxygen ion conductivities 
several orders of magnitude higher than LSM, which dramatically increases the reaction 
area for adsorption and incorporation of oxygen on the cathode. This improved mixed 
conductivity facilitates a greater flux of oxygen ion incorporation into the electrolyte and 
thus a higher current. 

Previously, the ferrites (La(Sr)Fe0 3 -LSF) as cathodes on YSZ have not been 
described in detail. Iron has, more typically, been a dopant on the B-site of cobaltite and 
manganite cathodes. With the recent search for lower temperature cathodes, the 
ferrites have re-emerged as potential materials. Certain LSF compositions (typically 
when Sr-doping levels are between 20-30 mol%) show only minimal reactivity towards 
YSZ and relatively close thermal expansion matching. However, stoichiometric LSF 
does not achieve a low enough polarization resistance at 800°C to be a useful cathode. 
Doping on the B-site has proved successful when using Ni and Co but reactivity with 
YSZ was observed even at the 20 mol% doping level, which degraded the cathode 
performance dramatically. 

Common for the manganite perovskites is the use of a small 1-5 mol% A-site 
deficiency to prevent reactivity of the manganite with YSZ. By using an A-site deficient 
LSM cathode, the precipitation of La 2 0 3 and SrO are dramatically reduced and very 
little La 2 Zr 2 0 7 or SrZr0 3 reaction product has been observed in these cases. Very 
limited studies have been performed on the cobalt-based perovskites regarding A-site 
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deficiency suggesting that A-site deficiencies of up to 10 mol% do not prevent the 
reaction between the cobaltites and YSZ electrolyte. A recent study into LSF has 
reported similar effects to that of LSM. It is postulated that lanthanide and A-site 
deficiencies are compensated in the ferrite and cobaltite systems by the introduction of 
oxygen vacancies and some electronic defects. 

A few papers discuss the effect of A-site deficiency on the electrochemical and 
electrocatalytic performance of manganese-based perovskite cathodes. X-ray 
diffraction results obtained by various groups are in close agreement and identify the 
limit of A-site deficiency before secondary phases start to appear at 10 mol% for La^ 
x Mn0 3 and progressively lower values as the Sr-doping level increases. The optimum 
conductivity and cathode performance for LSM have been obtained with an A-site 
deficiency around 5 mol%. At this relatively low A-site deficiency it is believed that the 
diminished reactivity toward YSZ results in the improved cathode performance and only 
a marginal effect derives from the improved electrochemistry. 

SUMMARY OF THE INVENTION 

The present invention relates to a novel low cost composition useful in intermediate 
temperature (600-800°C) electrochemical applications, such as the SOFC, as well as in 
separation membranes and the like. This cathode material achieves acceptable 
performance using a simple deposition procedure. The inventive composition is designed 
to work with YSZ electrolytes but is not limited to YSZ and may be used with other oxide 
ion electrolytes. The invention uses a heavily rare earth (Ln)-deficient ferrite perovskite, 
which can accept deficiencies of up to approximately 30 mol%, while retaining the 



perovskite structure. The ability to introduce up to 30 mol% Ln-deficiency while retaining 
a single phase perovskite enabled significant numbers of favorable defects to be 
introduced that improve both the mixed conductivity and electrocatalytic performance. 

SUMMARY OF THE INVENTION 

It is an important object of the present invention to provide an A and/or A* site 
deficient perovskite of general formula of (A^AJ^FeO^ or of general formula A Vx . 
yA^FeOg^, wherein A is La alone or with one or more of the rare earth metals or a rare 
earth metal other than Ce alone or a combination of rare earth metals and X is in the range 
of from 0 to about 1 ; A is Sr or Ca or mixtures thereof and Y is in the range of from about 
0.01 to about 0.3; 5 represents the amount of compensating oxygen loss, and wherein if 
either A or A is zero the remaining A or A is deficient. 

Another object of the present invention is to provide a cathode material of an A 
and/or A site deficient perovskite of general formula of A^.yA'xFeO^, wherein A is La 
alone orwith one or more of the rare earth metals or a rare earth metal other than Ce alone 
or a combination of rare earth metals and X is in the range of from about 0.1 to about 0.4; 
A is Sr or Ca or mixtures thereof and Y is in the range of from about 0.01 to about 0.3; 5 
represents the amount of compensating oxygen loss, wherein the A and/or A site 
deficiency is in the range of from about 5 mole% to about 30 mole%, and wherein if either 
A or A is zero the remaining A or A is deficient. 

Still a further object of the present invention is to provide a solid oxide fuel cell, 
comprising an anode and a cathode separated by a solid electrolyte, the cathode including 
an A and/or A site deficient perovskite of general formula of (A 1 . x A' x ) 1 _ y Fe0 3 _ 6 or of general 
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formula ^. x .yA' x FeO^, wherein A is La alone or with one or more of the rare earth metals 
or a rare earth metal other than Ce alone or a combination of rare earth metals and X is 
in the range of from about 0 to about 1 ; A' is Sr or Ca or mixtures thereof and Y is in the 
range of from about 0.01 to about 0.3; 6 represents the amount of compensating oxygen 
loss, and wherein if either A or A' is zero the remaining A or A' is deficient. 

The invention consists of certain novel features and a combination of parts 
hereinafter fully described, illustrated in the accompanying drawings, and particularly 
pointed out in the appended claims, it being understood that various changes in the details 
may be made without departing from the spirit, or sacrificing any of the advantages of the 
present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For the purpose of facilitating an understanding of the invention, there is illustrated 
in the accompanying drawings a preferred embodiment thereof, from an inspection of 
which, when considered in connection with the following description, the invention, its 
construction and operation, and many of its advantages should be readily understood and 
appreciated. 

FIGURE 1 is an exploded view of a prior art SOFC; 

FIG. 2 is a graphical representation of area specific resistance comparisons 
between stoichiometric ferrite and magnatite cathodes; 

FIG 3 is a graphical representation of the effect of strontium doping on the 
performance of LSF cathodes; 
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FIG. 4 is a graphical representation of the performance of La-deficient LSF with 
increased La-deficiency and Sr-doping; 

FIG. 5 is a graphical representation of the oxygen content in La 0 8 Sr 0 2 FeO 3 ^ and La 
07 Sr 02 FeO3^ calculated from high temperature neutron diffraction data; and 

FIG. 6 is a graphical representation of lower cost ferrite cathodes. 
DESCRIPTION OF THE PREFERRED EMBODIMENT 

The best measured cathode performance on YSZ has been obtained for 
La o.6 Sr o.25 F ®03^ however, others A or A 1 combinations are available. Using A and/or A 1 
deficiency virtually eliminated any reaction between the cathode and YSZ electrolyte. 

Although the description herein concentrates on La as the main A-site constituent 
rare earths are applicable to the ferrite perovskites. A variety of rare earth metals, other 
than Ce, can be used alone on the A-site, while any combination of rare earths may be 
used. Also, the A-site dopant is not limited to Sr but can include other alkaline earth 
metals, such as Ca or mixtures of Sr and Ca. 

Stoichiometric LSF performs considerably better than stoichiometric LSM as a 
cathode on YSZ at 800 °C and below. Other rare earth cations in place of La in LSF 
show similar improvements over LSM (see Figure 2). However, the performance of 
stoichiometric LSF is not sufficient for use as an intermediate temperature (600-800°C) 
electrode, for which area specific resistance (ASR) values of 1Q.cm 2 or less are 
needed. 

The typical Sr-doping level in LSM is around 20 mol%. High Sr concentrations 
are desirable to improve conductivity, but at 30 mol% and higher concentrations, SrZr0 3 
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reaction products are reported. A similar trend has been reported for LSF cathodes. 
We have found that Sr-doping produces a minimum in cathode area specific resistance 
(ASR) at a Sr concentration of 25 mol% (see Figure 3). It is believed that Sr-doping 
around 25 mol% should produce the best performance in A and/or A-site deficient 
ferrite perovskite electrodes. 

We have examined the influence of Ln-deficiency on the performance of ferrite 
cathodes on YSZ between 600-800 °C. The ferrite retained a perovskite phase to 
approximately 20 mol% Ln-deficiency. Above this limit, X-ray diffraction measurements 
confirmed the existence of a second phase - Fe 2 0 3 . Reactivity testing revealed that no 
reaction products formed with YSZ (see Table 1), after holding intimately mixed 
powders of LSF and YSZ at 1200°C for 1 week. 

Table 1 . Reaction product detected between various cathodes and YSZ. 



Composition 


Observed Reactivity with YSZ 


La 08 Sr 02 CoO 3 


Severe (La 2 Zr 2 0 7> SrZr0 3 ) 




Severe (La 2 Zr 2 0 7 , SrZrCte 


Gd a8 Sr 02 CoO 3 * 


Slight (SrZr0 3 ) 


Pr0. 8 Sr0. 2 CoO 3 


Moderate Pr 2 Zr 2 0 7 ,SrZr0 3 . 


LaQ3Sr 02 FeO 3 


None 


La 075 Sro.25Fe0 3 


None 


La 07 Sro.2Fe0 3 


None 


La 06 Sro.25Fe0 3 


None 
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(La 0 . 8 Sr 02 ) 08 FeO 3 


None 


La 0 8 Sro.2Fe 08 Co 0 2 0 3 


Slight (La 2 Zr 2 0 7 ) 


La 08 Sro.2Fe 08 Ni 02 0 3 


Slight (SrZr0 3 , La 2 Zr 2 0 7 ) 


La 08 Sro.2Mn0 3 


Slight (La 2 Zr 2 0 7 ) 







Severe = Reaction products more prominent than cathode. 
Moderate = major reaction of cathode with electrolyte. 
Slight = detectable reaction of cathode with electrolyte, 
none = no reaction products observed. 

*Cathode annealed at 1 150°C/1 week to prevent melting observed at 1200°C. 

Figure 4 shows the ASRs for LSF with 5, 10 and 15 mol% La-deficiency and 25 
mol% Sr doping, compared to a 10 mol% La-deficient LSF with 20 mol% Sr-doping and 
an LSF cathode with 20 mol% A-site deficiency. Clearly, Sr-doping is very important in 
the improvement of LSF. The 15 mol% La-deficient LSF with 25 mol% Sr achieves an 
acceptable cathode performance at 800°C. 

We have demonstrated long term stability for La-deficient cathodes for over 500 
hours. Thermal cycling between room temperature and 800°C resulted in minimal 
degradation after 25 cycles. Reactivity tests have confirmed the absences of reaction 
products for both A-site and La-deficient LSF cathodes (see Table 1). 

A rudimentary understanding of the defect chemistry responsible for the 
significant improvements in cathode performance has been obtained from a neutron 
diffraction study conducted by us. Two different LSF cathodes were examined at room 
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temperature: 

A stoichiometric LSF - La 08 Sr 0 2 Fe0 3 

A 10% La-deficient LSF - La 07 Sr 0 2 FeO 3 
The findings from this study showed that the La-deficient LSF can better 
accommodate large concentrations of oxygen vacancies without oxidizing the iron. The 
cobaltite and manganite systems do not seem capable of accommodating such large 
numbers of oxygen vacancies, making the ferrite system unique among the candidate 
cathodes. 

From the room temperature neutron diffraction study it was discovered that the 
La-deficient LSF was able to accommodate the proposed extra oxygen vacancies 
introduced by the La-deficiency, by retaining the stoichiometric LSF orthorhombic 
structure. The orthorhombic structure has two different oxygen crystallographic sites, 
one of which is able to accept a large number of oxygen vacancies. A high temperature 
neutron diffraction study on the same two compositions used in the room temperature 
study was performed between 25°C to 800°C. Both materials retained an orthorhombic 
structure up to 700 °C but distortion in the stoichiometric LSF was much lower with 
indications it was about to transform to the tetragonal structure. Both the stoichiometric 
and La-deficient LSF contained large numbers of oxygen vacancies at 700-800 °C, 
proving that the strontium doping introduces oxygen vacancies in the ferrite system with 
little oxidation of the Fe cation. However, the oxygen vacancy concentration (or 6) was 
always much higher at all temperatures for the La-deficient LSF (see Figure 5) proving 
that the La-deficiency LSF also primarily introduces oxygen vacancies as first proposed. 
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In addition, the oxygen on the sites that can accept oxygen vacancies were found to be 
highly mobile. The dramatic improvement in cathode performance between the 
stoichiometric LSF and A and/or A 1 deficient LSF can now be attributed to the larger 
oxygen vacancy concentration for the A and/or A' deficient LSF, permitting much higher 
oxygen ion conductivities and thus increasing the surface area for the oxygen reduction 
reaction on the cathode. 

Referring now to Figure 6, there is shown data accumulated for impure La 
compounds. Although previous experiments have been conducted with substantially 
pure La, simulated concentrates of La have shown to be nearly as effective in ASR 
values at temperature as substantially pure La. The simulated concentrates of rare 
earths are in the first case 68.7% La, 3.4% Ce, 4.7% Pr and 23.2% Nd. Similar results 
if not better, were obtained with 63.5% La, 6.35% Ce, 8.73% Pr and 22.5% Nd. 
Generally, at least 60% by weight La is preferred, as all of the above percentages are 
weight percents. 

Generally, this invention, as previously illustrated, includes both rare earth 
deficient and A 1 deficient materials, noted as A for the rare earth and A' for the doping 
material. In the case where A is zero, then the A' site is deficient. As indicated above, 
insofar as the rare earths are concerned, any rare earth can be used alone other than 
Ce and any combination of rare earths may be used. Insofar as the doping material is 
concerned, the invention is preferably limited to Sr, Ca or mixtures thereof. In all cases, 
iron is used in the B site and is the transition metal of choice in the invention. The 5 
refers to the amount of compensating oxygen loss or oxygen deficiencies. 
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Although the invention has been described principally with respect to a cathode 
and a solid oxide fuel cell, the inventive material may also be used as a separation 
membrane for transmitting oxygen at pressure differentials at each side of the 
membrane when used with a ceramic separation membrane. Combinations of the 
inventive material may be used as either anode or cathode. 

Although yttria stabilized zirconia has been described with respect to electrolytes 
herein, other well know electrolytes including but not limited to doped ceria, doped 
lanthanum galate and doped bismuth oxide are well known and may be used instead of 
or in combination with the yttria stabilized zirconia previously referenced. Although a 
specific interconnect material has been described in the background of the present 
invention, the invention is intended to include any well known interconnect material, 
either presently existing or in the future. Further, although a planar or flat plate SOFC 
has been illustrated for purposes of the preferred embodiment in Fig. 1, any fuel cell in 
which the inventive material may be incorporated, irrespective of geometry, is included 
in the invention described herein. As previously stated, doping with strontium or 
calcium or mixtures thereof is preferably in the range of from 5 mole % to about 30 mole 
% while a more preferred range is 1 5 mole % to about 25 mole % and for A and/or A 1 
site deficiency,,the most preferred concentration is about 15 mole %. For the preferred 
embodiment in which A is at least 60% La and is present in about 0.6 mole fraction, A 1 
is Sr and is present at about 0.25 mole fraction. Moreover, although disclosed A may 
be present as A^ wherein X is in the range of between 0 and 1 , the preferred X value is 
about 0.1 to about 0.4. Insofar as A 1 deficiency values of 1-y, y is defined most broadly 
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as 0.01 to about 0.3; however, the most preferred concentration is 0.1 to about 0.2 and 
for Sr the most preferred concentration is 0.25 in combination with the 0.6 mole fraction 
of at least 60% by weight La. 

While there has been disclosed what is considered to be the preferred 
embodiment of the present invention, it is understood that various changes in the 
details may be made without departing from the spirit, or sacrificing any of the 
advantages of the present invention. 



